ever, vegetal pole-predominant protein destruction re-
sults in a concentration of these proteins at the animal synthesis, inhibit cleavage, and cause centrosome and spindle defects. A CPEB mutant protein that does not pole. Clearing the yolk of immunostained embryos revealed that CPEB and maskin were colocalized with interact with the mitotic apparatus in vivo disrupts the localization of cyclin B1 mRNA, has little effect on cyclin ␣-tubulin on centrosomes and mitotic spindles. While Eg2 was primarily concentrated at centrosomes, other synthesis, but also inhibits cleavage. These data suggest that CPEB and/or maskin regulate the translation factors involved in polyadenylation-induced translation (eIF4E, poly(A) polymerase, CPSF), were evident throughand localization of cyclin B1 and possibly other mRNAs in the vicinity of spindles and centrosomes, and that out the blastomeres. CPEB and maskin are microtubule binding proteins, which in the case of CPEB, requires this regulation is necessary for cell division. a small domain that is also necessary for its association with centrosomes in vivo.
Results

The function of CPEB and maskin at spindles and/or centrosomes in embryos is presumably dependent upon
Distribution of CPEB and Maskin during Oogenesis
To determine whether CPEB and maskin are localized the mRNAs with which they are associated. We show that two mRNAs, Xbub3 and cyclin B1, are localized with during oogenesis, different stage Xenopus oocytes were collected and immunostained with antibody specific for or near CPEB and maskin on spindles and centrosomes in Xenopus embryos. Agents that prevent CPE-mediated the two proteins ( Figure 1A ). While CPEB was uniformly distributed in stage 1-4 oocytes, it was concentrated at polyadenylation-induced translation abrogate cyclin B1 Figure 1C ). These results demonstrate that (panels 1-3). Immunostaining of frozen sections of stage 6 oocytes revealed a CPEB concentration at the cortex CPEB and maskin are most prevalent at the animal pole in fully-grown oocytes. of the animal pole (panel 5), where a punctate appearance (panel 6) suggests that it might reside in large complexes. Maskin immunostaining was not observed Localization of CPEB and Maskin in Eggs and Embryo in stage 1-4 oocytes, but was detected predominantly in the animal pole of stage 5-6 oocytes ( Figure 1A) .
Following the activation of MPF (cyclin/cdc2), most of the CPEB is destroyed (Hake and Richter, 1994; de Moor As with CPEB, immunostaining of frozen sections for maskin revealed a concentration at the animal pole corand Richter, 1997). To determine whether this destruction has an impact on the relative distribution of the tex. Nonspecific control serum did not stain the embryos (not shown).
protein, immunohistochemistry was performed on eggs and embryos. Figure 2A shows that only the animal pole Western blotting confirmed the developmental profile of the two proteins during oogenesis ( Figure 1B) . CPEB contained detectable levels of CPEB and maskin. The asymmetric distribution of these proteins was also rewas detected in oocytes of all stages, while maskin was detected only at stages 5-6. Separation of oocyte halves vealed by immunoblotting of animal and vegetal portions of oocytes, eggs, and embryos ( Figure 2B ). As at the equator revealed that CPEB and maskin were noted previously, CPEB was about 5-fold more concentrated at the animal pole in oocytes. In in vitro matured oocytes, ovulated eggs, and blastulae, the only detectable CPEB was found in the animal pole, which was also nearly the case for maskin.
To further examine the distribution of CPEB and maskin at the animal pole, the yolk of immunostained embryos was cleared with a benzyl-benzoate/benzyl alcohol solution. Unexpectedly, this treatment revealed that both CPEB and maskin resided in structures that closely resemble mitotic spindles ( Figure 2C) . A double immunostain for CPEB and ␣-tubulin, and for maskin and ␣-tubulin, confirmed that both CPEB and maskin were localized to mitotic spindles at the animal pole ( Figure 2D) . As a control, the ElrA RNA binding protein (Good, 1995) was not detected on spindles
Localization of CPEB and Maskin to the Mitotic Apparatus during the Cell Cycle
To examine the association of CPEB and maskin with the mitotic apparatus in more detail, embryos were stained with antibodies for these proteins as well as for ␣-tubulin and analyzed by confocal microscopy ( Figure 3A) . At prophase and pro-metaphase, CPEB and maskin were both strongly, although not exclusively, localized to centrosomes. In many cells, staining for CPEB and maskin seemed to be stronger for one of the two centrosomes (data not shown). At metaphase, CPEB and maskin were distributed along the length of the spindles, although there was a concentration bias to the area closest to centrosomes. Maskin and CPEB remained on or near the spindles and centrosomes at anaphase and telophase ( Figure 3A and data not shown).
In addition to CPEB and maskin, at least four other factors are involved in CPE-regulated translation in oocytes (see Introduction). To assess their possible localization, additional immunostaining experiments were performed ( Figure 3B ). The kinase Eg2, the activator of CPEB, was concentrated at centrosomes, similar to that observed for CPEB. However, this was not always the case, which confirms a previous study demonstrating that the residence of Eg2 at centrosomes is transient (Roghi et al., 1998). The cap binding protein eIF4E (which also binds maskin), poly(A) polymerase (PAP), and the 100 kDa subunit of CPSF (the AAUAAA binding complex) were all detected throughout the blastomeres, although there was a slight concentration of these proteins at the centrosomes. we performed microtubule spin-down assays ( Figure  4A ). Western analysis shows that while most of the CPEB pelleted with taxol-stabilized microtubules from an oocyte extract, it was not pelleted when the extract was bules. These results show that CPEB and maskin can associate with microtubules in vitro. treated with colchicine, a microtubule depolymerizing agent. About two-thirds of the maskin was also found To determine whether CPEB and maskin can interact directly with microtubules, they were expressed in and in the microtubule pellet, but was not completely released by treatment with colchicine. Neither Map kinase purified from E. coli, incubated with in vitro polymerized microtubules, and centrifuged. Almost all the CPEB, and nor actin was pelleted with taxol-stabilized microtu- (A) Microtubule spin-down assay using oocyte extracts. Extracts were supplemented with taxol to polymerize microtubules, or with colchicine to depolymerize microtubules, and centrifuged through a sucrose cushion. The supernatants (S) and pellets (P) were then immunoblotted and probed for tubulin, CPEB, maskin, MAP kinase, and actin. (B) Microtubule spin down assays using purified components. Wild type or deletion mutant CPEB proteins (top) and maskin were synthesized in, and purified from, E. coli, and mixed with polymerized microtubules in vitro. The mixture was centrifuged and the supernatants (S) and pellets (P) were immunoblotted for CPEB, maskin, and tubulin. LDSR refers to the motif in CPEB that is the Eg2 phosphorylation site (ser174), PEST refers to a domain rich in proline (P), glutamic acid (E), serine (S), and threonine (T) residues, RRM1 and RRM2 refer to RNA recognition motifs, and ZF refers to a zinc finger. (C) Localization of CPEB-GFP fusion proteins. Fertilized eggs were injected with mRNA encoding a wild type CPEB-GFP fusion protein and GFP fluorescence was then analyzed at the blastula stage. Antibody against ␥-tubulin was used to locate centrosomes. Normal rat kidney (NRK) cells were infected with Sindbis virus harboring wild type CPEB-GFP, CPEB ⌬4-GFP, CPEB ⌬1-GFP, or GFP alone, and GFP fluorescence was used to locate the heterologous proteins. Antibody against pericentrin was used to locate the centrosomes. about 50% of the maskin, were found in the microtubule fied, and examined in the microtubule spin-down assay ( Figure 4B ). C-terminal and N-terminal deletions had pellet ( Figure 4B ). While these results are consistent with those presented in Figure 4A , one must consider the little affect on the interaction of CPEB with microtubules. However, two small internal deletions that removed eicaveat that in vitro associations of proteins can occur nonspecifically. Consequently, we have sought to define ther a putative PEST protein-protein interaction domain (⌬4), or LDS 174 R (⌬1), the site of Eg2-catalyzed phosphoran essential domain in CPEB that is necessary for both in vitro binding to microtubules and in vivo association ylation, resulted in CPEB proteins that did not pellet with microtubules. with microtubule-containing structures. Several deletion mutant CPEB proteins were expressed in E. coli, puriTo examine whether the ⌬1 and ⌬4 deletions affected with affinity purified CPEB antibody, which neutralizes Embryos were injected with a variety of other agents that interfere with polyadenylation-induced translation, the activity of this protein in oocytes (Stebbins-Boaz et al., 1996). While control IgG-injected embryos divided and their effects on cleavage and the mitotic apparatus were scored ( Figure 6C ). For example, 77% of the 99 normally, the blastomere injected with CPEB antibody divided slowly (by by 3-5 fold) relative to the uninjected surviving embryos injected with CPEB antibody had phenotypes as shown in Figure 6A and B (i.e., slow cell blastomere ( Figure 6A ). ␣-tubulin immunostaining revealed that the cells derived from the CPEB antibody division and abnormal mitotic apparatus). Only 6% of the surviving embryos injected with the matched control, injected blastomere contained multiple centrosomes, centrosomes detached from the spindles, or bifurcated IgG, had inhibited cell division and centrosome/spindle defects. About one-third of surviving embryos injected spindles ( Figure 6B ). with CPEB ⌬N, which is not phosphorylated by Eg2 and and/or translation of this transcript is CPEB-dependent. which inhibits CPE-dependent translation in maturing To investigate this possibility, the effects of various oocytes (Mendez et al., 2000) , had retarded rates of cell agents on cyclin mRNA and protein were examined. For division, whereas only 1% of surviving embryos had example, the injection of one cell embryos with CPEB such defects when injected with wild type CPEB, the antibody and cordycepin (3Ј-dATP), which inhibit cleavmatched control. Another CPEB mutant protein, ⌬4, age ( Figure 6C ), also prevented cyclin synthesis in emwhich has no effect on polyadenylation-induced translabryos ( Figure 7A ). On the other hand, embryos injected tion in oocytes (data not shown) and neither binds microwith CPEB ⌬4, which also inhibits cleavage, had little tubules in vitro nor interacts with the mitotic apparatus in effect on the typical oscillation of cyclin B1 protein durvivo (Figure 4) , inhibited cell division in 53% of surviving ing the cell cycle ( Figure 7A ). However, both CPEB ⌬4 embryos. A similar number of embryos had a reduced and CPEB antibody disrupted the localization of cyclin rate of cell division when injected with maskin antibody. B1 mRNA on spindles ( Figure 7B ). These results suggest Cordycepin (3Ј-dATP), an inhibitor of polyadenylation that CPEB ⌬4 disrupts only local, spindle-associated (Kuge and Richter, 1995) elicited the strongest response; cyclin synthesis, a consequence of which could be the it caused cleavage and spindle/centrosome defects in inhibition of cell division. 87% of the surviving embryos while the control, ATP, A further analysis of this possibility demonstrates that had no effect. Finally, a peptide containing the maskin in addition to cyclin B1 mRNA, cyclin B1 protein is also eIF4E binding domain, which inhibits protein synthesis detected on spindles in Xenopus embryos, which is simiin general (Stebbins-Boaz et al., 1999), inhibited cell lar to observations in Drosophila (Huang and Raff, 1999) division in 62% of the surviving embryos, whereas a and HeLa cells (Hagting et al., 1998) . Moreover, CPEB mutant peptide that does not bind eIF4E had little delete-⌬4 disrupts the localization of cyclin B1 protein on these rious effect. These data demonstrate that polyadenylastructures ( Figure 7C ), just as it does with cyclin B1 tion-induced translation regulates embryonic cleavage mRNA. Taken together, these results suggest that the and is necessary for the integrity of the mitotic appatranslation of cyclin B1 mRNA is not only regulated by ratus. polyadenylation in embryos, but that this regulation, at least some of which probably occurs on or near spindles Translational Control of Cyclin B1 mRNA and centrosomes, is important for the integrity of the The detection of cyclin B1 mRNA, CPEB, and maskin on the mitotic apparatus suggests that the localization mitotic apparatus and for cell division. 
, 1997). Although the mecha-
The finding that CPE-containing mRNAs are concennism by which CPEB and maskin are localized in oocytes trated on the mitotic apparatus in the animal pole brings is unknown, the relative distribution of these proteins up two obvious questions: how do they get there, and changes drastically upon oocyte maturation. The dewhat purpose do they serve? While we have not adstruction of CPEB, which occurs mostly in the vegetal dressed the mechanism of RNA localization per se, the pole, results in its concentration at the animal pole. The sequence-specificity would almost certainly be depenpurpose of this destruction is unclear, but given that dent upon CPEB. Indeed, this is strongly suggested by CPEB controls the translation of several cell cycle reguthe observation that CPEB ⌬4 acts a dominant negative latory mRNAs such as Mos, cyclin, and cdk2 (Richter, mutation for cyclin B1 mRNA localization. However, 2000), it might be important for meiotic ( 
